We have characterized an inhibitory RNA element in the human immunodeficiency virus type 1 (HIV-1) gag coding sequence that prevents gag expression. The inhibition exerted by this element could be overcome by the presence of the Rev-responsive element in cis and of Rev protein in trans. To understand the mechanism of function, we inactivated the inhibitory element by mutagenesis while maintaining an intact gag coding region.
regulatory proteins, revealed that the Rous sarcoma virus pl99g region does not contain inhibitory elements. These results demonstrate the presence of a strong inhibitory element acting at the level of mRNA and provide a general method for the removal of such elements from mRNA coding regions. The inhibitory element functions in the absence of any HIV-1 proteins, suggesting that cellular factors are responsible for this inhibition.
The interaction of the Rev regulatory protein of human immunodeficiency virus type 1 (HIV-1) with its RNA target, named the Rev-responsive element (RRE), is necessary for expression of the viral structural proteins (for reviews, see references 4, 26, and 28). Rev acts by promoting the nuclear export and increasing the stability of the RRE-containing mRNAs. Recent results also indicate a role for Rev in the efficient polysome association of these mRNAs (1, 5) . Since the RRE-containing HIV-1 mRNAs do not efficiently produce protein in the absence of Rev, it has been postulated that these mRNAs are defective and contain inhibitory sequences named INS, CRS, or IR (3, 8, 14, 21, 29, 33) . The nature and function of these inhibitory sequences have not been characterized in detail. It has been postulated that inefficiently used splice sites may be necessary for Rev function (2) ; the presence of such splice sites may confer Rev dependence on HIV-1 mRNAs.
Analysis of HIV-1 hybrid constructs led to the initial characterization of some inhibitory sequences in the gag and pol regions of HIV-1 (3, 21, 33) . We have previously reported the identification of an inhibitory RNA element located in the coding region of the p179a9 matrix protein of HIV-1 (33) . It was shown that this sequence acted in cis to inhibit HIV-1 tat expression after insertion into a tat cDNA. The inhibition could be overcome by Rev-RRE, demonstrating that this element plays a role in regulation by Rev. This element does not contain any known splice sites, indicating that sequences other than splice sites prevent expression in the absence of Rev. Here we further analyze the region necessary for inhibition by introducing multiple point mutations in the gag region. These mutations do not alter the amino acid sequence of the produced protein. We show that it is possible to eliminate INS by mutagenesis, resulting in constitutively high gag expression in the absence of Rev. These results demonstrate the presence of a strong inhibitory element acting at the level of mRNA and provide a general method for the removal of such elements from mRNA coding regions.
MATERIALS AND METHODS
Plasmid constructions. Plasmid pl7R has been described previously as pNL17R (33) . Plasmid p17 was generated from pl7R by digestion with Asp 718 and religation. This procedure deleted the RRE and HIV-1 sequences spanning nucleotides 8021 to 8561 upstream of the 3' long terminal repeat (LTR). To generate mutants of pl7?a8, we subcloned the p176ag coding sequence into a modified pBluescript vector (Stratagene) and generated single-stranded uracil-containing DNA. Site-directed mutagenesis was performed as described before (19, 34) . Clones containing the appropriate mutations were identified by DNA sequencing. Plasmid p37M1234 was derived from p17M1234 and contains in addition the p24&ag coding region. The stop codon introduced after p178ag was removed, and a stop codon was introduced after p24&a&. This plasmid produced p37gag protein. pl9(sd+) and pl9R(sd+) were derived from p17 by deleting the entire p179a9 coding region, 6 nucleotides upstream of the p17'a9 AUG, and 9 nucleotides of linker sequences 3' of the p179a9 stop codon. This fragment was replaced by a polymerase chain reaction (PCR)-amplified DNA fragment containing eight nucleotides upstream of the Rous sarcoma virus (RSV) gag AUG and the RSV p199a9 coding sequence, immediately followed by an introduced translational stop codon. The RSV gag fragment was derived from the infectious RSV proviral clone SR-A (39), kindly provided by S. Hughes. pl9R(sd+) contains the same RRE fragment as pl7R. The splice donor of RSV gag was mutated by site-directed mutagenesis, changing GTG (Val) to ATA (Ile), generating plasmids p19 and pl9R, respectively. Plasmid p55 contains the entire p55gag coding region, while plasmid pcgag also containspol sequences to the BalI site (9) .
DNA transfection. HLtat cells (30) were transfected by the calcium coprecipitation technique (11) as described before (9), with 5 jig of gag-expressing plasmids in the absence or presence of 2 Fg of the Rev-expressing plasmid pL3crev (9) . The total amount of DNA in transfection mixes was adjusted to 17 ,g per 0.5 ml of precipitate per 60-mm plate by using pUC19 carrier DNA. Cells were harvested 20 h after transfection, and cell extracts were subjected to electrophoresis on denaturing 12.5% polyacrylamide gels and analyzed by immunoblotting with either serum from an HIV-i-infected patient (Scripps) or a rabbit anti-p199&9 serum, kindly provided by V. Vogt. pRSV-luciferase (6), which contains the firefly luciferase gene linked to the RSV LTR promoter, was used as an internal standard to control for transfection efficiency, and luciferase activity was quantitated as described before (37) .
RNA preparation. HLtat cells were transfected as described above and harvested 20 h posttransfection. Twenty micrograms of cytoplasmic RNA (9, 12) was subjected to Northern (RNA blot) analysis as described before (14) . The filters were hybridized to a nick-translated PCR-amplified DNA fragment spanning ,nucleotides 8304 to 9008 in the HIV-1 3' LTR or to a 1-actin fragment (5).
Nucleotide sequence accession number. The nucleotide sequence in Fig. 4 has been deposited in GenBank under accession number L04602.
RESULTS
Coding sequence of the HIV-1 matrix protein pl7W contains an inhibitory element that prevents Gag production in the absence of Rev. To study the inhibitory element in pl7?a8, we constructed a p178a9 expression plasmid (p17, Fig. 1 ). The p17'a9 sequence was engineered to contain a translational stop codon immediately after the protease cleavage site, and thus it produced only p176a9. The major 5' splice site of HIV-1 upstream of the gag AUG has been deleted from this vector (9) . To investigate whether plasmid p17 could produce p17'a9 in the absence of Rev and the RRE, we transfected p17 into HLtat cells (30) . These cells constitutively produce HIV-1 Tat protein, which is necessary for transactivation of the HIV-1 LTR promoter. Plasmid p17 was transfected in the absence or presence of Rev, and the production of pl7'ag was analyzed by Western immunoblotting. Very low levels of pl?7'g protein were produced ( Fig.  2A) . The presence of Rev did not increase gag expression, as expected, since this mRNA did not contain the RRE. We next constructed a plasmid that contained both the p17'a9 coding sequence and the RRE (pl7R, Fig. 1 ). Like p17, this plasmid produced very low levels of p17'a& in the absence of Rev. High levels of p17'a9 were produced only in the presence of Rev (Fig. 2A) . These experiments suggested that an inhibitory element was located in the p17'a9 coding A R p pl7gag pl7gag p19gag (RSV) p19gag (RSV) pl7gag p37gag ( (Fig. 2B) . On the other hand, the HIV-1 p17 expression plasmid did not contain any known splice sites and yet was not expressed in the absence of Rev ( Fig. 2A) . These results further indicate that sequences other than inefficiently used splice sites are responsible for inhibition of HIV gag expression.
Inhibitory element acts in cis to decrease the levels of mRNA and protein in the absence of Rev. We next asked whether the inhibitory effect of the pl79a9 coding sequence was also detectable at the mRNA level. Northern blot analysis of cytoplasmic RNA extracted from HLtat cells transfected with p17 or pl7R demonstrated that they produced low mRNA levels (Fig. 3 ). An increase in p17R mRNA levels was observed in the presence of Rev. Similar levels of expression of a cotransfected RSV-luciferase gene were measured. As an additional control, the levels of actin mRNA were also measured (Fig. 3, bottom) . These results established that the inhibitory element in gag also affects the mRNA levels and are in agreement with our previous findings (33) . Quantitations of the mRNA and protein levels produced by p17R in the absence and presence of Rev were performed by scanning densitometry of appropriate serial dilutions of the samples; the difference was greater at the level of protein (60-to 100-fold) than at the level of mRNA (less than 10-fold). This result is compatible with previous findings of effects of Rev on mRNA localization and polysomal loading of both gag and env mRNAs (1, 5, 8, 9, 22) . Northern blot analysis of the mRNAs produced by the RSV gag expression plasmids revealed that p19 produced high mRNA levels (data not shown). This confirmed that the pl9gag coding sequence of RSV does not contain inhibitory elements. Together, these results established that gag expression in HIV-1 is fundamentally different from that in RSV. The HIV-1 p179a9 coding sequence contains a strong inhibitory element, while the RSV p199a9 coding sequence does not.
Inhibitory element can be inactivated by multiple nucleotide substitutions that do not alter the amino acid composition of p179a9 protein. To investigate the exact nature of the inhibitory element in HIV-1 gag, we performed site-directed mutagenesis of the p179a9 coding sequence with four different oligonucleotides, as indicated in Fig. 4 . Each oligonucleotide introduced several point mutations over an area of 19 to 22 nucleotides. These mutations did not affect the amino acid sequence of the pl7?ag protein because they introduced silent codon changes. First, all four oligonucleotides were used simultaneously in mutagenesis with a single-stranded DNA template, as described before (19, 34) . This allowed the simultaneous introduction of many point mutations over a large region of 270 nucleotides in vector p17. A mutant containing all four oligonucleotides, as determined by sequence analysis, was isolated and named p17M1234. Compared with p17, this plasmid contained a total of 28 point mutations, distributed primarily in regions with high AU content.
The phenotype of the mutant was assessed by transfections into HLtat cells and subsequent analysis of p175a5 expression by immunoblotting. Interestingly, p17M1234 produced high levels of p1785a protein, similar to those produced by pl7R in the presence of Rev (Fig. 2A) . This result demonstrated that the inhibitory signals in pl7gag mRNA had been inactivated in plasmid p17M1234. The presence of Rev protein did not increase expression from p17M1234. Numbering starts from nucleotide + 1 of the viral mRNA.
Thus, p179a9 expression from the mutant p17M1234 displayed the same general properties as expression of the p199a9 of RSV, that is, a high constitutive level of Revindependent gag expression. Northern blot analysis revealed that the cytoplasmic levels of mRNA produced by p17M1234 were higher than those produced by p17 (Fig. 3) .
To further examine the nature and exact location of the minimal inhibitory element, we mutated the p179a9 coding sequence in plasmid p17 with only one of the four mutated oligonucleotides at a time. This procedure resulted in four mutant plasmids, named p17M1, p17M2, p17M3, and p17M4 according to the oligonucleotide each plasmid contains. None of these mutants produced significantly higher levels of p17'a9 protein than plasmid p17 (Fig. 5) , indicating that the inhibitory element was not affected. We next mutated the p17 coding sequence with two oligonucleotides at a time. The resulting mutants were named p17M12, p17M13, p17M14, p17M23, p17M24, and p17M34. Protein production from these mutants was minimally increased compared with that from p17, and it was considerably lower than that from p17M1234 (Fig. 5) . In addition, a triple oligonucleotide mutant, p17M123, also failed to express high levels of p179a9 (data not shown). These findings suggest that multiple inhibitory signals are present in the coding sequence of pl7?a8. Alternatively, a single inhibitory element may span a large region whose inactivation requires mutagenesis with more than two oligonucleotides. This possibility is consistent with our previous data, suggesting that a 218-nucleotide inhibitory element in the p179a9 coding sequence is required for strong inhibition ofgag expression. Further deletions of this sequence resulted in gradual loss of inhibition (33) . The inhibitory element may coincide with a specific secondary structure on the mRNA. We are currently investigating whether a specific structure is important for the function of the inhibitory element.
Demonstration of additional INS elements within the gag-pol region. To examine the effect of removal of the inhibitory sequence (INS) on the expression of the complete gag gene, we introduced the 28 silent nucleotide substitutions of pl7gag described above into a vector expressing p379ag protein, which is the precursor of pl7&ag and p240ag, or in the complete p55gag gene. The resulting plasmids, p37M1234, p55M1234, and pcgagMl234 (Fig. 6) , were transfected into HLtat cells. pcgagMl234 contains a portion of the pol gene in addition to the p55fag gene. The expressed proteins were quantitated by a p249ag antigen capture assay and compared with the levels of Gag produced by their wild-type counterparts (p37, p55, and pcgag, Fig. 6 ). This comparison showed that p37M1234 produced high levels of Gag, indicating that no major INS elements are contained within the p249ag coding region (Fig. 6) . In contrast, low levels of Gag expression from p55M1234 and pcgagMl234 were observed. These results indicate the presence of an additional INS in the gag-pol region, as was suggested earlier from deletion experiments (33) . Therefore, multiple independent INS elements are found within the HIV genome.
DISCUSSION
In this report, we demonstrate that mutational inactivation of an inhibitory sequence in the p17'a coding sequence of HIV-1 results in Rev-independent gag expression. Our experiments demonstrate that the Rev-RRE interaction corrects preexisting defects on the viral structural mRNAs caused by specific RNA regions (INS) which inhibit expression. In ments may exist in cellular RNAs with short half-lives. Recent reports suggest the presence of sequences affecting mRNA levels within the coding regions of cellular mRNAs (36) . The successful elimination of coding-region elements described for the first time here may provide a general method for the elimination of such elements from coding regions without alteration of the protein produced. Since functionally similar cis-acting regulatory sequences may be present in cellular mRNAs, further analysis of these HIV regulatory elements should lead to a better understanding of viral expression and of the posttranscriptional mechanisms of gene regulation.
The accumulated experimental evidence suggests that multiple INS or CRS elements exist within HIV coding regions (3, 21, 33) . Analysis of the multiple INS elements has revealed that they may inhibit expression efficiently even when found alone in an mRNA. This represents a significant problem in designing experiments to demonstrate their elimination, since subsets of these INS elements in various combinations in general have severe effects on the overall levels of mRNA and protein expression. The strategy we chose to demonstrate the function of such elements has been (i) identification of the minimal INS elements with appropriate indicator vectors and (ii) elimination of the INS by mutagenesis. Elimination of all regions with INS activity is necessary for constitutive Rev-independent expression, since elimination of only some INS elements does not increase expression significantly (see Fig. 6 ).
Several lines of evidence indicate that all lentiviruses and other complex retroviruses, such as the human T-cell lymphotropic virus group, contain similar INS regulatory elements. We have identified strong INS elements in the gag region of human T-cell lymphotropic virus type I and simian immunodeficiency virus (unpublished data). This suggests that these elements are found in all complex retroviruses and may be responsible for some of the biological characteristics of these retroviruses. Since INS elements inhibit expression, it must be concluded that their presence is advantageous to the virus, because otherwise they would be rapidly eliminated by mutations. Thus, the presence of inhibitory sequences is a property specific to Rev-encoding complex retroviruses and is required for regulation by the Rev protein. Therefore, the inhibitory sequences are important determinants of the expression levels of HIV-1 and probably of all complex retroviruses.
The p179a9 coding sequence has a high content of A and U nucleotides, unlike the coding sequence of p196a9 of RSV (25, 33) . Four regions with high AU content are present in the p179a9 coding sequence and have been implicated in the inhibition of gag expression in deletion mutagenesis experiments (33) . Lentiviruses have a higher AU content than the mammalian genome. Regions of high AU content are found in the gag-pol and env regions, while the multiply spliced mRNAs have a lower AU content (25) , supporting the possibility that the inhibitory elements are associated with mRNA regions with high AU content. It has been shown that a specific oligonucleotide sequence, AUUUA, found at the AU-rich 3' untranslated regions of some unstable mRNAs may confer RNA instability (35) . Although this sequence is not present in the pl7gag sequence, it is found in many copies within the gag-pol region. The association of instability elements with AU-rich regions is not universal, since other HIV regions which show a strong inhibitory activity in our vectors are not AU rich. These observations suggest the presence of more than one type of inhibitory sequence.
In addition to reducing the AU content, some of the mutations introduced in plasmid p17 changed rarely used codons to codons more favored for human cells. Although the use of rare codons could be an alternative explanation for poor HIV gag expression, this type of translational regulation is not favored by our results, since the presence of Rev corrects the defect in gag expression. In addition, we have reported that, in other vectors, translation through INS regions is not required for inhibition of expression (33) .
The observations that the inhibitory sequences act in the absence of any other viral proteins and that they can be inactivated by mutagenesis suggest that these elements may be targets for the binding of cellular factors that interact with the mRNA and inhibit posttranscriptional steps of gene expression. (8, 9, 22) . This led to the conclusion that Rev acts independently of splicing (9, 22) and to the proposal that inhibitory elements other than splice sites are present on HIV-1 mRNAs (9, 14, 29) . The inhibitory elements may be involved in the establishment of a state of low virus production in the host. We have proposed that HIV-1 has adapted a mode of expression mimicking cellular genes that are rapidly up-and downregulated, such as c-myc, c-fos, and granulocyte-macrophage colony-stimulating factor (7, 15, 35, 36, 41, 42) . Like HIV-1 mRNAs, the mRNAs of these genes contain intragenic inhibitory elements, which in some cases coincide with areas of high AU content. These cellular mRNAs may be regulated by factors similar in function to those affecting HIV-1 expression. Therefore, detailed analysis of the inhibitory elements in HIV-1 may contribute to the understanding of gene regulation in general.
HIV-1 and the other lentiviruses cause chronic active infections that are not cleared by the immune system. It will be interesting to examine the possibility that complete removal of the INS elements from the lentiviral genome would result in constitutive expression. This could prevent the virus from establishing a latent infection and escaping immune system surveillance. Our success in increasing expression of pl7?a8 by eliminating the INS indicates that, in the future, we could produce lentiviruses without any negative elements. Such lentiviruses may provide a novel approach to the production of attenuated vaccines. The identification of similar INS elements in simian immunodeficiency virus indicates that this virus may provide a convenient model with which to test this hypothesis.
